We demonstrate a switchable two-dimensional phase grating in blue phase liquid crystal (BPLC), which is fabricated by sawtooth in-plane-switch (IPS) electrodes. They are used to generate the horizontal electric field on a single indium-tin-oxide (ITO) glass substrate and, as a result, the 1-D and 2-D phase gratings can be mutual switched via different polarizations of incident light with an applied voltage. The first-order diffraction efficiency is up to 20% and 10% for the 1-D and 2-D phase grating at V = 150 V, respectively. Moreover, the rise and decay time is 0.9 and 1.1 ms, respectively, which is suitable for wide applications of high-speed optical manipulations.
Introduction
Electrically tunable one-dimensional (1-D) liquid crystal (LC) grating has been widely used for beam steering [1] , optical fibers [2] , and three-dimensional displays [3] . Since the requirement of multi-beam interactions, the grating with two-dimensional (2-D) diffraction has drawn much attention for the application of beam multiplexing [4] . The LC diffraction grating, first reported by Carroll [5] , requires a periodical refractive index distribution of LC inside the cell. To achieve such a distribution, various methods have been proposed. First, a special electrode configuration, such as interdigitated (or in-plane-switch, IPS) electrodes, is designed to produce a non-uniform electric field for fabricating the LC phase grating [6] [7] [8] [9] [10] [11] [12] . Other ways of generating the periodicity of the refractive index are through the reorientation of the LC molecular director using photoalignment [13, 14] , and the holographic technique [15, 16] . In addition, a phase grating based on Methyl Red-doped LC has been demonstrated by Gau et al. with multiple holographic recordings [17] . One-and two-dimensional (1-D and 2-D) phase gratings can be achieved in one position by using the angular and spatial multiplexing technique. Senyuk et al. demonstrated a 1-D/2-D switchable grating which utilizes the undulation in the layer of cholesteric LC (CLC) to form the grating profile [18] . Another electrically switchable grating has been reported by using the field-induced 2-D pattern in polymer-stabilized CLC [4] . However, these gratings have inherent problems, including low diffraction efficiency and slow response time, as reported in previous studies.
Blue phase liquid crystal (BPLC) has been developed recently for optoelectronic applications in photonics, light modulation, and displays [19] [20] [21] [22] , because of its unique characteristics including a fast response time and no requirement for an alignment layer. Under an external electric field, the Kerr effect is exhibited by local reorientation of the LC directors and electrostriction in BPLC [23] . Based on these properties, the phase grating in BPLC has been investigated in recent years. A polarization dependence of BPLC phase grating has been demonstrated on an IPS electrode [24] , which possesses high diffraction efficiency and a fast response time for the transverse-magnetic (TM) polarization of the probe beam.
In this study, according to the polarization dependence of BPLC phase grating on a horizontal electric field generated by an IPS electrode, a switchable two-dimensional BPLC grating is proposed through different polarizations of incident light with the sawtooth IPS electrode on a single indium-tin-oxide (ITO) glass substrate. The interchange between 1-D and 2-D grating can be easily attained only by changing the polarization of the incident beam. In addition, this device shows good results in diffraction efficiency and response time.
Results and Discussion
An image of the BPLC mixture under optical polarized microscope (OPM) is shown in Figure 1a . The domain size is more than 50 µm, and the great lattice size of BPLC can validly reduce the scattering effect when the incident light passes through the grating cell. Figure 1b-d show the OPM images of the BPLC grating at various voltages with crossed polarizers, which are taken by using the irradiation of unpolarized red light (λ = 632.8 nm). At V = 0 V, the fact that the BPLC grating presents a pure dark state indicates that the grating is in an optically isotropic state, as shown in Figure 1b . When the voltage is increased to 70 V, little transmittance is observed at the edge of the sawtooth electrode because of the birefringence of BPLC induced by the fringing field, as shown in Figure 1c . When the applied voltage continues rising to 150 V, high transmittance is observed in the gap between electrodes and at the edge of the electrodes because of the birefringence of BPLC induced by the horizontal electric field in the crossing of electrode gaps, leading to a change in the refractive index, as shown in Figure 1d . However, the fact that no phase retardation occurs on the top of the electrodes suggests that the transmittance has vanished.
Crystals 2017, 7, 182 2 of 8 which possesses high diffraction efficiency and a fast response time for the transverse-magnetic (TM) polarization of the probe beam. In this study, according to the polarization dependence of BPLC phase grating on a horizontal electric field generated by an IPS electrode, a switchable two-dimensional BPLC grating is proposed through different polarizations of incident light with the sawtooth IPS electrode on a single indium-tin-oxide (ITO) glass substrate. The interchange between 1-D and 2-D grating can be easily attained only by changing the polarization of the incident beam. In addition, this device shows good results in diffraction efficiency and response time.
An image of the BPLC mixture under optical polarized microscope (OPM) is shown in Figure 1a . The domain size is more than 50 μm, and the great lattice size of BPLC can validly reduce the scattering effect when the incident light passes through the grating cell. Figure 1b-d show the OPM images of the BPLC grating at various voltages with crossed polarizers, which are taken by using the irradiation of unpolarized red light (λ = 632.8 nm). At V = 0 V, the fact that the BPLC grating presents a pure dark state indicates that the grating is in an optically isotropic state, as shown in Figure 1b . When the voltage is increased to 70 V, little transmittance is observed at the edge of the sawtooth electrode because of the birefringence of BPLC induced by the fringing field, as shown in Figure 1c . When the applied voltage continues rising to 150 V, high transmittance is observed in the gap between electrodes and at the edge of the electrodes because of the birefringence of BPLC induced by the horizontal electric field in the crossing of electrode gaps, leading to a change in the refractive index, as shown in Figure 1d . However, the fact that no phase retardation occurs on the top of the electrodes suggests that the transmittance has vanished. The geometric orientation for the polarization of incident light and the sawtooth electrode is shown in Figure 2a . The polarizations of incident light parallel to the x-axis and y-axis are defined as 0° and 90°, respectively. The direction perpendicular to the bisector between the positive x-axis and the positive y-axis is defined as 45°. When the linearly polarized light is parallel to one side of the sawtooth electrode, that it, one is perpendicular to the other (e.g., 0° or 90°), it experiences the periodic phase distribution of niso/ne(E) on the perpendicular side and that of niso/no(E) on the parallel side. ne(E) and no(E) represent the effective refractive index of BPLC in the directions parallel and perpendicular to the electric field, which can be expressed as Equations (1) and (2):
where δnind(E) is the birefringence of BPLC induced by the electric field. The induced birefringence can be obtained by the extended Kerr effect [25] : The geometric orientation for the polarization of incident light and the sawtooth electrode is shown in Figure 2a . The polarizations of incident light parallel to the x-axis and y-axis are defined as 0 • and 90 • , respectively. The direction perpendicular to the bisector between the positive x-axis and the positive y-axis is defined as 45 • . When the linearly polarized light is parallel to one side of the sawtooth electrode, that it, one is perpendicular to the other (e.g., 0 • or 90 • ), it experiences the periodic phase distribution of n iso /n e (E) on the perpendicular side and that of n iso /n o (E) on the parallel side. n e (E) and n o (E) represent the effective refractive index of BPLC in the directions parallel and perpendicular to the electric field, which can be expressed as Equations (1) and (2):
where δn ind (E) is the birefringence of BPLC induced by the electric field. The induced birefringence can be obtained by the extended Kerr effect [25] :
Here, δn sat presents the saturated index change and E s is the saturation field. As a result, the incident light on the perpendicular side has more phase change (δn e (E) = n e (E) − n iso ) than on the parallel side (δn o (E) = n iso − n o (E)), which leads to the formation of a 1-D grating. Figure 2b ,d show the diffraction patterns of the 1-D grating with the polarization of 0 • and 90 • of incident light at V = 150 V, respectively. A blurry diffraction pattern is hardly observed in the direction perpendicular to the first order diffraction pattern. Compared with the intensity of the first order diffraction, this blurry diffraction can be neglected. As the linearly polarized light intersects with both sides of the sawtooth electrode by 45 • , the periodic phase distribution of both sides of the sawtooth electrode interact. Thus, the diffraction pattern of the 2-D grating can be produced, as shown in Figure 2c .
Here, δnsat presents the saturated index change and Es is the saturation field. As a result, the incident light on the perpendicular side has more phase change (δne(E) = ne(E) − niso) than on the parallel side (δno(E) = niso − no(E)), which leads to the formation of a 1-D grating. Figure 2b ,d show the diffraction patterns of the 1-D grating with the polarization of 0° and 90° of incident light at V = 150 V, respectively. A blurry diffraction pattern is hardly observed in the direction perpendicular to the first order diffraction pattern. Compared with the intensity of the first order diffraction, this blurry diffraction can be neglected. As the linearly polarized light intersects with both sides of the sawtooth electrode by 45°, the periodic phase distribution of both sides of the sawtooth electrode interact. Thus, the diffraction pattern of the 2-D grating can be produced, as shown in Figure 2c . Additionally, the zeroth and first order diffraction efficiencies for the 1-D/2-D BPLC grating are measured, as shown in Figure 3 . The diffraction efficiency is defined as the ratio of the intensity between the Nth order diffraction and the incident light passing through the cell at V = 0 V by Equation (4) :
In the voltage-off state, the first order diffraction efficiency is very small (~0.3%) for both the 1-D and 2-D gratings, and is contributed by the sawtooth electrode. As the voltage increases, the zeroth order diffraction efficiency decreases, whereas the first order diffraction efficiency increases immediately. This suggests that a small threshold voltage is required for the BPLC grating. At V = 150 V, the first order diffraction efficiencies can approach to 20% and 10% for the 1-D and 2-D phase gratings, respectively. The first order diffraction efficiency for the 2-D grating is nearly half that of the 1-D grating. The theoretical diffraction efficiency can be obtained via the calculated phase Additionally, the zeroth and first order diffraction efficiencies for the 1-D/2-D BPLC grating are measured, as shown in Figure 3 . The diffraction efficiency is defined as the ratio of the intensity between the Nth order diffraction and the incident light passing through the cell at V = 0 V by Equation (4) :
In the voltage-off state, the first order diffraction efficiency is very small (~0.3%) for both the 1-D and 2-D gratings, and is contributed by the sawtooth electrode. As the voltage increases, the zeroth order diffraction efficiency decreases, whereas the first order diffraction efficiency increases immediately. This suggests that a small threshold voltage is required for the BPLC grating. At V = 150 V, the first order diffraction efficiencies can approach to 20% and 10% for the 1-D and 2-D phase gratings, respectively. The first order diffraction efficiency for the 2-D grating is nearly half that of the 1-D grating. The theoretical diffraction efficiency can be obtained via the calculated phase modulation in blue phase grating. The phase modulation with the induced refractive indices is described by Equation (5):
where d is the cell gap, z is the surface normal to the substrate, and x, y are indicated in Figure 2 .
The maximal diffraction efficiency of the proposed switchable grating occurs at the applied voltage of 150 V. The high operating voltage of the BPLC grating can be further reduced by using the high Kerr constant of LC or IPS electrode design [26] [27] [28] [29] .
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where d is the cell gap, z is the surface normal to the substrate, and x, y are indicated in Figure 2 . The maximal diffraction efficiency of the proposed switchable grating occurs at the applied voltage of 150 V. The high operating voltage of the BPLC grating can be further reduced by using the high Kerr constant of LC or IPS electrode design [26] [27] [28] [29] . The hysteresis curves of the first order diffraction efficiency for the 1-D and 2-D BPLC gratings are depicted in Figure 4 . The solid and dashed lines are represented for the forward and backward driving, respectively. The hysteresis affects the accuracy of the control on grayscale in BP applications, which causes different transmittance even at the same voltage during the process of increasing/descending voltage. The hysteresis generally occurs in blue phase I (BPI) for lattice distortion as the applied voltage reaches above the threshold [30] . In this experiment, the hysteresis is defined as the difference in voltage between the forward and backward driving at the half maximum of diffraction efficiency. The results show that the hysteresis (ΔV50) of the first order diffraction efficiency is ~10 V for 1-D and 2-D BPLC gratings, which corresponds to ~6.67% of the voltage of maximum diffraction efficiency (Vmax ~ 150 V). The small hysteresis observed is due to the large domain size (over 50 μm) of the BPLC sample [31] , and the operating temperature of the BPLC grating is close to the temperature of phase transition between BPI and blue phase II (BPII) (~45.5 °C) [30] . However, a method can be utilized to reduce the hysteresis, such as using the BPLC sample with a temperature in the BPII range [30] , polymer stabilized blue phase liquid crystal (PSBPLC) [32] [33] [34] , and elliptical protrusion electrodes [35] . The measurement of response time for the first order diffraction intensity of the 1-D BPLC grating is shown in Figure 5 . The time interval of variation in the first order diffraction intensity from 10% to 90% is defined as the rise time, and from 90% to 10% it is defined as the decay time. According to the results, the rise time is 0.9 ms and the decay time is 1.1 ms. The response time for the proposed BPLC gratings is in the sub-millisecond range, which is faster than that for the general LC grating. The response time can be further reduced by changing the BPLC to the PSBPLC [36] . However, the driving voltage of a PSBPLC grating will be increased. 
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First order diffraction efficiency (%) The hysteresis curves of the first order diffraction efficiency for the 1-D and 2-D BPLC gratings are depicted in Figure 4 . The solid and dashed lines are represented for the forward and backward driving, respectively. The hysteresis affects the accuracy of the control on grayscale in BP applications, which causes different transmittance even at the same voltage during the process of increasing/descending voltage. The hysteresis generally occurs in blue phase I (BPI) for lattice distortion as the applied voltage reaches above the threshold [30] . In this experiment, the hysteresis is defined as the difference in voltage between the forward and backward driving at the half maximum of diffraction efficiency. The results show that the hysteresis (∆V 50 ) of the first order diffraction efficiency is~10 V for 1-D and 2-D BPLC gratings, which corresponds to~6.67% of the voltage of maximum diffraction efficiency (V max~1 50 V). The small hysteresis observed is due to the large domain size (over 50 µm) of the BPLC sample [31] , and the operating temperature of the BPLC grating is close to the temperature of phase transition between BPI and blue phase II (BPII) (~45.5 • C) [30] . However, a method can be utilized to reduce the hysteresis, such as using the BPLC sample with a temperature in the BPII range [30] , polymer stabilized blue phase liquid crystal (PSBPLC) [32] [33] [34] , and elliptical protrusion electrodes [35] . The measurement of response time for the first order diffraction intensity of the 1-D BPLC grating is shown in Figure 5 . The time interval of variation in the first order diffraction intensity from 10% to 90% is defined as the rise time, and from 90% to 10% it is defined as the decay time. According to the results, the rise time is 0.9 ms and the decay time is 1.1 ms. The response time for the proposed BPLC gratings is in the sub-millisecond range, which is faster than that for the general LC grating. The response time can be further reduced by changing the BPLC to the PSBPLC [36] . However, the driving voltage of a PSBPLC grating will be increased. 
Materials and Methods
The mixture of BPLC is prepared by nematic LC HTW114200-100 (ne = 1.779, no = 1.513, Δε = +10.6 at 1 kHz, Fusol) with a weight concentration of 62.7%, and chiral dopant S811 (Fusol) with a weight concentration of 37.3%. The mixture is injected into the grating cell in the isotropic state, and then cooled from the isotropic to the blue phase by a temperature-controlled stage (LTS 120, Linkam Scientific Instruments Ltd., Tadworth, UK) at a cooling rate of 0.03 °C/min. The phase transition of the BPLC is observed using the OPM. The phase sequence of the LC phase is identified as ISO-48 °C-BPII-45.5 °C-BPI-42 °C-N*, where ISO and N* represent the isotropic phase and chiral nematic phase, respectively. The operating temperature of the BPLC grating is controlled at 45.2 °C during the experiment. The configuration of the BPLC phase grating is shown in Figure 6 . The grating is composed of a BPLC layer and two glass substrates with a cell gap d of 10 μm. The IPS electrode is fabricated on the bottom substrate with both the sawtooth electrode width w and gap width l of 20 μm by the photolithographic process. The sawtooth electrode with a turning angle of 90° is designed to achieve the effect of dimensional switching between the 1-D and 2-D phase gratings. In the Voff state, the BPLC is optically isotropic, as shown in Figure 6a . The refractive index of BPLC is described by Equation (6):
When the voltage is applied, the direction of the LC molecule tends to be aligned with the electric field because of the positive dielectric anisotropy (Δε > 0) of the host nematic LC. Thus, the 
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When the voltage is applied, the direction of the LC molecule tends to be aligned with the electric field because of the positive dielectric anisotropy (∆ε > 0) of the host nematic LC. Thus, the induced optical axis of the index ellipsoid of BPLC will follow the electric field, as shown in Figure 6b . The refractive index is then changed by the electrostriction effect at the electrode gap, but remains unchanged at the center of the electrode. The difference in the refractive index between the gap of the electrodes and the center of the electrode results in the formation of the phase grating.
The experimental setup for the measurement of diffraction efficiency of the switchable two-dimensional BPLC grating is shown in Figure 7 . The unpolarized He-Ne laser with a wavelength of 632.8 nm, as the probe beam, is converted into a circularly polarized beam by sequentially introducing a polarizer and a λ/4 plate. The polarization direction of linear polarized light is selected from of the circularly polarized beam with the analyzer in front of the sample. The BPLC sample is fixed on the temperature-controlled stage and applied with 1 kHz AC voltage by a power supply. A photodiode is placed behind the sample to monitor the diffraction efficiency of the BPLC grating. The experimental setup for the measurement of diffraction efficiency of the switchable two-dimensional BPLC grating is shown in Figure 7 . The unpolarized He-Ne laser with a wavelength of 632.8 nm, as the probe beam, is converted into a circularly polarized beam by sequentially introducing a polarizer and a λ/4 plate. The polarization direction of linear polarized light is selected from of the circularly polarized beam with the analyzer in front of the sample. The BPLC sample is fixed on the temperature-controlled stage and applied with 1 kHz AC voltage by a power supply. A photodiode is placed behind the sample to monitor the diffraction efficiency of the BPLC grating. The experimental setup for the measurement of diffraction efficiency of the switchable two-dimensional BPLC grating is shown in Figure 7 . The unpolarized He-Ne laser with a wavelength of 632.8 nm, as the probe beam, is converted into a circularly polarized beam by sequentially introducing a polarizer and a λ/4 plate. The polarization direction of linear polarized light is selected from of the circularly polarized beam with the analyzer in front of the sample. The BPLC sample is fixed on the temperature-controlled stage and applied with 1 kHz AC voltage by a power supply. A photodiode is placed behind the sample to monitor the diffraction efficiency of the BPLC grating. 
Conclusions
In conclusion, switchable two-dimensional BPLC phase gratings based on a sawtooth IPS electrode have been successfully demonstrated. The dimension of the BPLC phase gratings can be switched only by changing the polarization of the incident light. According to the results, the first order diffraction efficiencies are about 20% and 10% for the 1-D and 2-D phase gratings, respectively. The hysteresis of the first order diffraction efficiency is ~10 V for 1-D and 2-D BPLC gratings, which corresponds to ~6.67% of the voltage of the maximum diffraction efficiency. The response time of the BPLC phase grating is measured to be in the sub-millisecond scale. One of the advantageous properties of our 1-D/2-D grating includes its easy dimensional interchange in response to the direction of linearly polarized light, which simultaneously fulfills both the applications of 1-D and 2-D gratings. 
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